Co-culture engineering is an emerging approach for microbial biosynthesis of a variety of biochemicals. In this study, E. coli-E. coli co-cultures were developed for heterologous biosynthesis of the natural product naringenin. The co-cultures were composed of two independent E. coli strains dedicated to functional expression of different portions of the biosynthetic pathway, respectively. The co-culture biosynthesis was optimized by investigating the effect of carbon source, E. coli strain selection, timing of IPTG induction and the inoculation ratio between the co-culture strains. Compared with the monoculture strategy, the utilization of the designed co-cultures significantly improved the naringenin production, largely due to the reduction of metabolic stress, employment of proper hosts for improving pathway enzyme activities, and flexible adjustment of the relative biosynthetic strength between the coculture strains. The findings of this study extend the applicability of co-culture engineering in complex natural product biosynthesis.
Introduction
Naringenin is a valuable natural product with identified biological activities such as anti-oxidative, anti-cancer, anti-obesity and anti-inflammatory activities [1e3] . As a member of the broad flavonoid family, naringenin possesses a characteristic 15-carbon skeleton with three ring structures. Naringenin is mainly produced as a secondary metabolite by plants, although a recent study reported that it can also be produced by prokaryote Streptomyces clavuligerus [4] . Production of naringenin through direct extraction from plants requires extensive separation and purification efforts and thus is not cost-effective from the perspective of process economy. Alternatively, employment of surrogate microbial hosts for heterologous biosynthesis can be a viable option for highefficiency naringenin production. To this end, the biosynthetic pathway for naringenin has been intensively investigated and well characterized. As shown in Fig. 1 , a simple carbon substrate is first used to produce aromatic amino acid tyrosine. Tyrosine is then converted to p-coumaric acid by tyrosine ammonia lyase (TAL), which is further utilized to make p-coumaroyl-CoA by 4-coumarate:CoA ligase (4CL). The sequential condensation of one p-coumaroyl-CoA and three malonyl-CoA leads to the formation of naringenin chalcone by chalcone synthase (CHS), which is then converted to naringenin by chalcone isomerase (CHI). The heterologous biosynthesis of naringenin has been achieved through functional reconstitution of the complex biosynthetic pathway in selected microbial hosts, such as S. cerevisiae and E. coli [5e12] . Notably, these previous efforts utilized the mono-culture of an engineered microbial strain to achieve the heterologous production and relied on the traditional mono-culture engineering strategies to address the challenges of production optimization.
On the other hand, engineering microbial co-cultures composed of multiple microbial strains has been shown to be a robust method for production of a variety of biochemicals [13e23] . In particular, several studies have reported that this approach could be adapted to improve the biosynthesis of natural products with complex structures. For example, Zhou et al. employed an E. coli-S. cerevisiae co-culture system to biosynthesize oxygenated isoprenoids with significantly higher titers than the mono-culture approach [20] . Minami et al. developed E. coli-S. cerevisiae co-cultures to accommodate complex biosynthetic pathways for benzylisoquinoline alkaloids and successfully produced 7.2 mg/L magnoflorine and 8.3 mg/L scoulerine [21] . Using an E. coli-E. coli co-culture, Jones et al. achieved the 960-fold improvement of flavan-3-ols production from exogenous p-coumaric acid and caffeic acid substrates [22] . Recently, novel E. coli polycultures containing four individually engineered strains were also constructed for biosynthesis of complex natural product anthocyanins [23] .
Therefore, this study aims to explore the potential of co-culture engineering for de novo naringenin heterologous biosynthesis. Specifically, the naringenin biosynthetic pathway is accommodated in two separate E. coli strains, which are individually engineered for performing the assigned biosynthesis task. This design splits the biosynthetic labor between two E. coli strains and thus reduces the metabolic burden on each strain. In addition, different E. coli strains can be screened for identification of the most suitable host to support a specific portion of the biosynthetic pathway. Importantly, through adjusting the ratio between the upstream and downstream strains, the biosynthetic strength for intermediate supply and consumption can be flexibly adjusted for bioproduction optimization. The results of this study provide a new perspective to overcome the barriers of complex natural product heterologous biosynthesis by the co-culture engineering strategies.
Materials and methods

Strains and cultivation medium
Strains and plasmids used in this work are listed in Table 1 . All strains were cultivated at 275 rpm under 30 C. The media used in this study are as follows. One liter of glucose medium contained 2 g of NH 4 Cl, 5 g of (NH 4 ) 2 SO 4 , 3 g of KH 2 PO 4 , 7.3 g of K 2 HPO 4 , 8.4 g of 3-(N-morpholino)propanesulfonic acid, 0.5 g of NaCl, 0.24 g of MgSO 4 , 0.5 g of yeast extract, 40 mg of tyrosine, 40 mg of tryptophan, 10 mg of 4-HB and 5 g of glucose. For glycerol medium, 5 g of glycerol was used to replace glucose.
Naringenin biosynthesis
For E. coli PMC monoculture cultivation, PMC was first grown overnight in the LB medium. The resulting culture was then centrifuged and suspended in 5 mL of glycerol or glucose medium containing 50 mg/L of streptomycin and 100 mg/L of ampicillin, followed by cultivation at 30 C for 72 h. The initial cell density was kept the same with that of the corresponding co-culture with different inoculation ratios. 1 mM IPTG was added to the culture either at the time of inoculation or at desired points after inoculation.
For naringenin biosynthesis using E. coli-E. coli co-cultures, E. coli P2C and BLNA were first inoculated into LB medium containing 50 mg/L streptomycin and 100 mg/L ampicillin at 30 C. Based on the need of inoculation, appropriate amounts of P2C and BLNA overnight culture were centrifuged, and the collected cell pellets of P2C and BLNA were suspended together in 5 mL medium containing 50 mg/L of streptomycin and 100 mg/L of ampicillin. The initial cell density of P2C was set to be OD 600 ¼ 0.15 and the cell density of BLNA was varied according to the desired inoculation ratio. 1 mM IPTG was added either at the time of inoculation or at designed time points after inoculation. At the end of the co-culture cultivation, the cell density was determined by measuring the absorbance at 600 nm with a UV/Visible Spectrophotometer (VWR, Radnor, PA) and the culture samples were taken for production analysis. Similar protocol was used for cultivation of P2C:K12NA, P2C:JMNA, and P2C:StarNA co-cultures.
Production analysis
For tyrosine quantification, culture samples were first centrifuged at 10,000 rpm and the supernatants were filtered through 0.45 mm PTFE membrane syringe filters (VWR, Radnor, PA). The filtered samples were analyzed by a Shimadzu HPLC system equipped with a Shimadzu Photodiode Array detector set to a wavelength of 280 nm. The analysis was performed on a Waters C18 column using 95% water and 5% acetonitrile as the mobile phase at a flow rate of 0.3 mL/min.
To quantify p-coumaric acid and naringenin, 1 mL of cell-free culture broth was extracted with 1 mL ethyl acetate. After mixing and centrifugation at 10,000 rpm, the top layer was transferred to a clean tube for evaporation to dryness, and dissolved with 1 mL ethanol. Such prepared samples containing p-coumaric acid and naringenin were analyzed on the Waters C18 column with an isocratic method of 65% water and 35% acetonitrile at a flow rate of 0.3 mL/min. The wavelength used for quantification was 290 nm for naringenin and 300 nm for p-coumaric acid, respectively.
Determination of the strain-to-strain ratio
The strain-to-strain ratio of the co-culture members was analyzed by the blue-white screening method described in a previous report [17] . Specifically, 10 mL of the co-culture sample was diluted 10 5 e10
6
-fold before being spread onto an LB agar plate containing IPTG and X-Gal. After 24 h of incubation, the upstream strain P2C carrying a disrupted lacZ gene generated white colonies, while the downstream strain BLNA carrying the intact lacZ gene generated blue colonies. The number of the blue and white colonies on the plates were counted for statistical analysis.
Results and discussion
Design of the E. coli-E. coli co-culture system for naringenin pathway accommodation
The schematic design of the E. coli-E. coli co-culture for naringenin biosynthesis is shown in Fig. 1 . Specifically, the co-culture system is composed of an upstream strain for producing the pathway intermediates tyrosine and p-coumaric acid and a downstream strain for converting the intermediates to the final product naringenin. For the upstream strain, a previously engineered E. coli tyrosine overproducer P2 was modified to generate strain P2C (Table 1) . P2C carried an engineered tyrosine pathway as well as the heterologous enzyme tyrosine ammonia lyase (TAL), which enabled it to perform tyrosine biosynthesis and subsequent conversion to p-coumaric acid [24, 25] . E. coli K12 (DE3), JM109 (DE3), BL21 (DE3) and BL21 Star (DE3), were individually employed as the downstream strain for functional expression of the heterologous enzymes tyrosine ammonia lyase (TAL), 4-coumarate:CoA ligase (4CL), chalcone synthase (CHS) and chalcone isomerase (CHI). Such engineered downstream strains can convert the pathway intermediates tyrosine and p-coumaric acid to the final naringenin product. Notably, TAL was expressed in both upstream and downstream strains to enhance the tyrosine-to-coumaric acid conversion, as this step has been found to be a limiting step for the naringenin biosynthesis [7] . The mass transfer between the two coculture strains was carried out via the pathway intermediates tyrosine and p-coumaric acid, both of which can travel across E. coli cell membrane.
The co-culture design of this study allows us to reduce the metabolic stress on each strain. Instead of imposing the entire biosynthetic pathway on one single strain, the utilization of the coculture splits the biosynthetic labor and metabolic stress between two strains, improving the cell fitness and biosynthetic capabilities of the both strains. In addition, different strains can be compared for their performance of intermediates-to-product conversion to determine the most suitable host for supporting the heterologous enzymes' activities associated with the downstream pathway. To adjust the biosynthetic strength between the upstream and downstream pathways, the corresponding strains can be inoculated into the co-culture system at designed ratios. The biosynthesis results can demonstrate the impact of the relative population size between co-culture strains on the overall bioproduction performance.
Comparison of bioproduction on glycerol and glucose
Carbon substrate selection is an important factor for microbial biosynthesis performance. Glucose is popularly used as a model carbon substrate for biosynthesis of a wide range of bioproducts. In contrast, glycerol has been reported to be a good carbon substrate for the shikimate pathway for supporting complex natural product biosynthesis [26e28]. Therefore, we first compared the naringenin bioproduction when glycerol and glucose were used as the carbon substrates. The biosynthesis was conducted in 5 mL medium containing 5 g/L carbon substrate and IPTG was supplemented at the time of inoculation. Strains P2C and BLNA (BL21 (DE3) carrying the downstream pathway) were used for construction of the coculture, whereas strain PMC was employed as the mono-culture control (Table 1) . Notably, the inoculation ratio between the two co-culture strains was changed to in-depth investigate the coculture bioproduction on different carbon substrates.
As shown in Fig. 2A , when glucose was fed as the carbon substrate, the P2C:BLNA co-culture showed varied naringenin production performance at different inoculation ratios. The highest production of 16.7 mg/L was achieved at the inoculation ratio of 1:5. It is therefore suggested that, when more downstream strain culture was inoculated (inoculation ratio changed from 1:1 to 1:5), the downstream pathway was enhanced and final naringenin product concentration was accordingly increased. In comparison, the mono-culture of the PMC strain carrying the whole pathway only produced 6.7 mg/L naringenin at initial OD 0.3 (the same with the initial OD of the co-culture inoculated at 1:1 ratio), indicating that the co-culture strategy resulted in 150% increase in the naringenin production. Also, the increase of the initial cell density in the mono-culture, which matched those of the co-culture inoculated at the rising ratio, did not significantly impact the naringenin production (Fig. S1 ).
The accumulation of the intermediates p-coumaric acid and tyrosine was also shown to be dependent upon the co-culture inoculation ratio. In fact, as more BLNA was inoculated, the concentrations of these pathway intermediates were reduced, indicating higher conversion to the final naringenin product by the enhanced downstream strain population. However, the concentrations of p-coumaric acid and tyrosine were still significantly higher than naringenin, which was in agreement with the previous reports [5e11]. These results demonstrate that, despite the final product biosynthesis improvement, the intermediate conversion was still limiting the overall biosynthesis performance under the co-culture design.
The naringenin production using glycerol as the carbon substrate is shown in Fig. 2B . The naringenin concentration of the P2C:BLNA co-culture rose from 6.6 mg/L to 7.7 mg/L, as the inoculation ratio was changed from 1:1 to 1:5. In comparison, the PMC mono-culture produced 4.1 mg/L naringenin at an initial OD equal to that of the 1:1 inoculated co-culture. Notably, the change of the cultivation temperature from 30 to 37 C resulted in decreased naringenin production (Fig. S2) . The naringenin biosynthesis on glycerol by the mono-culture and co-culture was all lower than the production on glucose. It was also found that, when glycerol was used, the tyrosine accumulation was more severe, whereas p-coumaric acid accumulation was lower. These findings suggest that the co-cultures grown on glucose better supported tyrosine-tocoumaric acid conversion, which contributed to higher naringenin production on glucose. Overall, our results indicate that, compared with glycerol, glucose is a better carbon substrate for the production of naringenin, as the production on glucose was improved for both the E. coli PMC mono-culture and the P2C:BLNA co-culture. Therefore, glucose was selected as the carbon substrate for the following sections of this study.
Optimization of the downstream strain selection
It has been demonstrated that microbial biosynthesis performance can be altered when different E. coli strains were used to constitute the co-culture system [18] . Therefore, four E. coli strains, including K12 (DE3), JM109 (DE3), BL21 (DE3), and BL21 Star (DE3), were individually investigated to identify the best candidate as the downstream strain for the naringenin co-culture synthesis. These strains have different metabolic characteristics. For example, K12 and JM109 strains are often used as cloning strains; BL21 (DE3) is a popular host for heterologous protein expression; BL21 Star (DE3) is an engineered BL21 (DE3) derivative strain for promoting mRNA stability. The introduction of the downstream naringenin biosynthesis pathway in these E. coli strains generated K12NA, JMNA, BLNA and StarNA, respectively. The constructed strains were cocultivated with the upstream strain P2C to constitute four new co-cultures.
As shown in Fig. 3 , the naringenin production profile did vary among these four co-cultures. The highest naringenin concentrations of 7.7 mg/L, 8.3 mg/L, 16.7 mg/L and 9.8 mg/L were achieved when K12NA, JMNA, BLNA and StarNA were employed (all at inoculation ratio of 1:5) for the co-cultures, respectively. Also, pcoumaric acid accumulation was found more severe for K12NA, JMNA and StarNA, suggesting these strains could not efficiently convert the intermediate p-coumaric acid to the final product naringenin. These findings indicate that BL21 (DE3) was the most suitable strain for accommodating the downstream portion of the biosynthetic pathway. In fact, BL21 (DE3) has unique metabolic characteristics and has been found more capable of supporting heterologous enzymes expression than K12, which is in good agreement with this study [30, 31] . On the other hand, the use of BL21 Star (DE3), a derivative of BL21 (DE3), may lead to overly strong expression of the heterologous enzymes and the potential formation of inclusion bodies, which could be the reason for reduced biosynthesis performance for StarNA. Therefore, the strain BL21 (DE3) carrying the downstream pathway enzymes, or BLNA, was selected as the downstream host as for the following studies.
Timing of IPTG induction
The timing of initiating IPTG induction can largely vary the protein expression profile and thus the microbial biosynthesis performance. It has been found that the naringenin bioproduction can be greatly improved through delayed IPTG induction [7] . In this section, the IPTG induction was initiated at different time points to Fig. 2 . Naringenin biosynthesis using (A) glucose and (B) glycerol as the carbon substrate. The bioproduction was compared with between the engineered E. coli monoculture and E. coli-E. coli co-culture inoculated at different ratios. evaluate its influence on the co-culture production of naringenin. The production was performed using the previously identified conditions, i.e. the P2C:BLNA co-culture grown on glucose under 30 C with the inoculation ratio of 1:5.
As shown in Fig. 4 , our results showed that the timing of IPTG induction indeed played a significant role in the co-culture biosynthesis. As the IPTG induction was initiated at different time points ranging from 0 h to 10 h, the final naringenin concentration fluctuated accordingly. At the optimal induction initiation time of 6 h, the co-culture produced 24.0 mg/L naringenin, which was 35% higher than 17.7 mg/L naringenin produced by the mono-culture inoculated with same cell density and induced at 6 h. Compared with 0 h induction, delayed induction at 6 h improved naringenin concentration by 44%, which is consistent with the previous report [7] . Similar effect was found when glycerol was used as the carbon substrate. As shown in Fig. S3 , the optimal biosynthesis on glycerol was also achieved when IPTG induction was initiated 6 h after the inoculation.
The results of this section suggest that early IPTG induction imposed overly strong metabolic stress on the co-culture strains before they could thrive under the cultivation conditions, whereas late induction missed the time window for desired expression at exponential growth phase when the strains were robust for reconstituting the pathway enzymes' activities. It should be noted that, the heterologous genes' expression in both the upstream and downstream strain was induced by exogenous IPTG. As such, the induction timing impacted the growth and biosynthetic behaviors of both strains, although the extent of impact may be different. From the perspective of improving naringenin bioproduction, the optimal induction timing should be the most favorable for supporting the coordinated growth and biosynthetic performance of both co-culture strains. To this end, our results confirm that selection of a proper timing to initiate the induction plays an essential role in co-culture bioproduction optimization. Yet, such a proper induction timing is case-dependent and needs to be examined and identified for each co-culture system constructed for biosynthesis of different target products.
Co-culture bioproduction in shake flasks
To further increase the naringenin biosynthesis, the engineered co-culture was cultivated in shake flasks containing the medium supplemented with 20 g/L glucose. The higher glucose substrate concentration and better dissolved oxygen supply under this cultivation condition were expected to improve the final product titer. The upstream and downstream strains were inoculated at the ratio of 1:5 and the IPTG induction was initiated at 6 h, as determined by the previous results. The time profiles of the intermediates and the product concentration, co-culture cell density and population composition changes in shake flask cultivation are shown in Fig. 5A and B. It was found that the concentration of naringenin first increased over the first 36 h and then declined towards the end of cultivation. The decline of naringenin concentration suggested the degradation in the culture over the extended cultivation time, although such degradation was not observed in previous studies and the potential mechanisms for this is still unknown. The highest naringenin concentration of 41.5 mg/L was achieved at 36 h, which is significantly higher than the production on 5 g/L glucose. On the other hand, the concentration of tyrosine and p-coumaric acid accumulated at 36 h were 100.4 mg/L and 86.4 mg/L, respectively, indicating that there was still high amounts of un-consumed pathway intermediates. In fact, tyrosine and pcoumaric acid accumulation was observed throughout the entire co-culture cultivation process, which suggests that the bioconversion capability of the downstream pathway is limiting the overall bioproduction performance even when the downstream strain was inoculated five times more than the upstream strain.
In the meantime, it was found that the upstream strain P2C grew much faster than the downstream strain BLNA after inoculation and gradually dominated the co-culture system over the course of cultivation (Fig. 5B) . In fact, the percentage of P2C increased from 16.7% (0 h) to 68.4% (60 h), indicating that the majority of the glucose was consumed to support the growth of the upstream cells. Relatively, the sub-population size of the downstream strain BLNA was constantly repressed throughout the whole bioproduction process, despite the fact that this strain took 83% of the entire co-culture population at the beginning of the cultivation. These findings indicate that BLNA was at great growth disadvantage when competing with the upstream P2C strain in the co-culture, which should be due to the substantial metabolic stress associated with the over-expression of four heterologous enzymes in BLNA. As a result, there was no sufficient tyrosine-to-naringenin conversion power to consume the accumulated tyrosine and pcoumaric acid. Such growth imbalance between the co-culture members has also been identified in previous studies [15, 17] . In fact, due to the difference in the designated biosynthetic labor and the corresponding metabolic stress, it is anticipated that the coculture strains show different levels of growth inconsistency. To this end, manipulation of the inoculation ratio helps "pre-set" the initial strain-to-strain ratio, but the pathway balancing under this ratio can be easily disrupted due to the dynamic growth and complex interaction between the co-culture members. Nonetheless, our results indicate that, using the determined bioproduction conditions, the constructed co-culture can be grown on higher concentration glucose for naringenin production improvement. Also, imbalanced growth between the upstream and downstream strain was the main reason of the intermediate accumulation, which will be the focus of the future efforts for naringenin production improvement.
Conclusions
Biosynthetic pathway balancing plays an essential role for production optimization [32] . Pathway balancing, i.e., coordination of intermediate supply and consumption, in mono-cultures can be achieved by strategies such as modifying the promoter strength or changing the copy number of the plasmids carrying the pathway genes. However, these strategies are limited by the available genetic engineering tools (e.g. availability of plasmids with a wide range of different copy numbers) and often times require extensive research efforts. Co-culture engineering offers a new perspective to adjust and balance the biosynthetic strength between different pathway portions for production optimization. In fact, this can be achieved by changing the relative population size between the coculture members without the need of additional genetic modification of either member.
This advantage is utilized in this study for improving the heterologous biosynthesis of complex natural product naringenin. The utility of two separate E. coli strains provides the unique opportunity to enhance the relatively weak downstream intermediate-toproduct conversion by increasing the inoculation ratio of the downstream strain. In addition, such a design allows for the alleviation of metabolic burden on each strain as well as the employment of specialized strains for different biosynthesis tasks. In the optimized co-culture system, the highest naringenin production was achieved by the P2C:BLNA co-culture inoculated at the ratio of ¼ 1:5, induced at 6 h after inoculation and grown on glucose under 30 C. The production performance was found to be significantly better than that of the mono-culture. In addition, naringenin bioproduction was further improved when higher concentration of glucose was used as the starting materials. The results of this study demonstrate that the co-culture engineering indeed holds strong potential for wide application in complex natural product biosynthesis.
